In this research, a web-based spatial decision support system (SDSS) was developed to demonstrate how the Internet can be used to deliver low-cost, user-friendly and interactive land use decision support to a wide audience. Although the resulting Cape Land Use Expert System (CLUES) was specifically developed to perform land suitability analysis in the Western Cape, the technology can also be applied to other regions and modified for other applications. CLUES consists of five components: a land unit database (LUD), knowledge base, inference engine, web map service (WMS) and graphical user interface (GUI). The LUD consists of polygons (land units) and attributes (land properties), while the knowledge base stores each user's land use requirement rules. These rules are used by the inference engine to rate the suitability of each land unit in the LUD. The result is then mapped by the WMS and presented to the users as suitability maps. Users can direct the entire analysis through a user-friendly GUI. The development and demonstration of CLUES exposed several advantages and limitations of current web technology and has demonstrated that the Internet offers great opportunities for the deployment of land use suitability information to a wide audience.
INTRODUCTION
During their forty years of existence, geographical information systems (GIS) have revolutionized geographical analysis and spatial decision support for land use management [1] . Although GIS software has become more powerful, less expensive and more user-friendly, GIS remain the domain of a select few who can operate and afford these systems. Since the introduction of web mapping tools such as Google Maps [2] , MapMachine [3] , and MapQuest [4] , accessibility to geographical information has escalated [5] . Web mapping software enables anyone with access to a computer and the Internet to explore geographical data online and produce maps on demand. Unlike GIS that require users to know how data is acquired, prepared, stored and queried, web mapping applications allow users to use the geotechnology in an intuitive, interactive manner [6] . Web mapping, however, have a very narrow range of functionality. In contrast to GIS that focus on spatial data capture, storage, manipulation, analysis and presentation [7] , the function of web mapping tools is to visualize and communicate geographical data in a highly user-friendly manner [8] . The closing the functional gap between web mapping tools and GIS will make spatial analysis functionality more accessible to professionals and the public in general. The adoption of these capabilities by a wider audience will promote geographical awareness and ultimately lead to better spatial decisions.
In this research we evaluate the potential of the Internet to deliver low-cost, user-friendly and interactive land use decision support to a wide audience. To serve the widest possible audience, only technologies that are compatible with existing web browser software were considered. A web-based spatial decision support system (SDSS), called the Cape Land Use Expert System (CLUES), was developed to demonstrate the capabilities and limitations of the currently available technologies.
LAND SUITABILITY ANALYSIS, SPATIAL DECISION SUPPORT SYSTEMS AND EXPERT SYSTEMS
Physical land suitability analysis is a prerequisite for land use planning and development as it supports decisions regarding land use and leads to optimal use of land resources [9] . Land evaluation is the interpretation of land properties such as climate, soils, fauna and flora in terms of the requirements of alternative land uses [10] . Land evaluation can therefore be defined as the process of estimating the potential of land for alternative uses [11] . Based on the guidelines set out by the Food and Agriculture Organization of the United Nations [10] , it is an integral part of land use planning and has been established as one of the preferred methods to support sustainable land use management. It gives an holistic, multidisciplinary approach to sound development and conservation by combining economic and social principles with environmental, agricultural and biological sciences [12] . Land evaluation is based on the principle that certain land properties (i.e. soils, climate, topography and other environmental and social variables) influence the success of a particular land use. In essence, the objective is to compare and match each potential land use with the properties of each type of land [13] .
Owing to the vast quantities of data required in land suitability analysis, computer technology is often employed to manage, store, and analyse such data. Because most data used in suitability analysis is spatial in nature, geographical information systems (GIS) have become invaluable in land evaluation [14] . The GIS procedures in land suitability analysis can, however, be extremely time-consuming and laborious processes without the aid of some level of automation. Fortunately, most modern GIS allow users to program the software to repeat a series of operations. This capability of GIS not only speeds up the process of suitability analysis, but also facilitates the creation of land use scenarios. GIS that are customized for scenario building are often called spatial decision support systems (SDSS). SDSS are excellent platforms for land suitability analysis as different land suitability scenarios can be generated by making slight changes to the land use requirements or land properties. The true potential of SDSS, supported by GIS, lies in the ability to incorporate large spatial data sets so that local land use decisions can be made while considering the effects on a regional or provincial scale. The user-friendliness of SDSS also allows planners and decision makers, who are often incapable to use GIS, to perform land suitability assessments themselves.
Expert systems are computer systems that emulate human decision making (often called artificial intelligence) by considering a set of predefined rules [15] . The main components of an expert system are a knowledge base which stores information in the form of rules, and an inference engine that contains protocols about how the rules in the knowledge base are applied [16] . The rules in the knowledge base are usually obtained by interviewing experts in a particular subject. The interviewer, or knowledge engineer, organizes the information obtained from the experts into a collection of rules, typically in an 'if-then' structure. The inference engine is then used to make deductions from the rules to solve complex problems [17] . The ability of expert systems to support problems involving many different factors, makes it highly suitable for SDSS. Together with the capabilities of GIS to store, manipulate, analyse and present spatial data, expert systems are powerful tools for supporting complex spatial decisions such as the optimal use of land. Because land use requirements can be formulated easily as 'if-then' rules, the rule-based approach of expert systems is eminently appropriate for land suitability analysis.
SYSTEM DESIGN
Because CLUES was designed as a web-based expert system, a major challenge was to accommodate the simultaneous data creation and updating needs of spatial analysis in a multi-user web environment [18] . Where GIS software are aimed at individual users, web applications can potentially be accessed by millions of users simultaneously. Special consideration had to be given to the effective sharing of computer resources and data. The sharing of data is especially challenging because users must be allowed to concurrently edit and update the same data. This is particularly important in land suitability analysis where generic spatial data layers are examined and compared to produce new suitability information. Each suitability analysis generates new data to be managed for each user. Because the establishment of suitability analysis parameters (i.e. land use requirement rules and weights) can be a time consuming process, each user's settings must be managed individually to allow users to build their own rule sets which they can modify and reuse for different projects. The management of data and user settings must be done so that all users are unaware of one another. The design involved combining the components of expert systems with those of web mapping applications. Expert systems that perform suitability analysis usually consist of a land unit database, a knowledge base and an inference engine [16] , while web mapping applications normally comprise a spatial database, a WMS and a website [6] . Figure 1 shows that all of these components are incorporated into CLUES, with the land unit database acting as the WMS spatial database.
Figure 1 The components of CLUES
The three main components of CLUES are the land unit database, knowledge base and website. The website consists of three independent elements namely, the graphical user interface (GUI), the web map service (WMS) and the inference engine. The function of the GUI is to dynamically generate a collection of web pages through which users can store land requirement rules in the knowledge base and invoke the inference engine to carry out a suitability analysis. During analysis, the inference engine compares the land properties of each land unit in the land unit database with the land requirement rules in the knowledge base. The suitability values calculated by the inference engine are temporarily stored in the land unit database for mapping purposes. To produce suitability maps, the WMS extracts the necessary data from the land unit database and converts the GIS data to dynamic web maps. The maps are temporarily stored on the web server along with the other web page content generated by the GUI. This process is repeated for each suitability analysis.
The suitability analysis procedure is a simplified rendition of the standard land evaluation procedure [11] . The major difference is that, due to security risk, CLUES cannot allow users to upload their own spatial data sets. Instead, a collection of existing spatial data sets that are essential to suitability analyses, is available to all users. Should users need specific data for their analyses, it can be loaded by the system administrator.
The system design is based on the principle of loose coupling, a design goal employed in most enterprise and web systems [19] .
Loose coupling ensures that a component can be changed or even replaced without affecting the functionality of other components. This is deemed to be important for CLUES because it is expected that the system will be modified and expanded in future. For instance, the two databases (i.e. the land unit database and the knowledge base) are entirely independent of one another. Therefore, the system can easily be applied to another region by simply replacing the land unit database with one of another area. Another advantage of the loose coupling design approach is that it lends flexibility to hardware configuration as changes to hardware will not dramatically affect the individual components.
The resulting software product is a working web-based land evaluation system for carrying out land suitability analysis in the Western Cape. Users can either use predefined land use requirements or define their own requirements of each land use to be assessed. Land use requirements are defined by setting land requirement rules, consisting of suitability levels, functions and thresholds for each land property considered. Because land use requirements seldom have equal importance, the relative importance of individual land use requirements can be specified by allocating a weight to each requirement. To conclude the suitability analysis procedure, a suitability map is produced showing the different levels of suitability for a particular area.
SYSTEM IMPLEMENTATION
The loosely coupled design of CLUES allowed the implementation of each component independently. The first component developed was the land unit database as it acts as a repository of all the spatial data required for suitability analysis using CLUES.
The land unit database essentially consists of polygons (land units) with a set of attributes (land properties). Land units are defined as parcels of land that differ significantly from the surrounding land. Land units were delineated using multi-resolution segmentation (MRS), which groups pixels into spatial regions (segments) that meet predetermined criteria of homogeneity [20] . MRS was
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performed on 80m-resolution slope gradient and slope aspect images to produce 652 704 land components covering the Western Cape. Environmental and physical land properties were extracted for each of the resulting polygons from GIS data sets and stored as attributes to the land unit database for interrogation by the knowledge base.
The knowledge base (or database), designed using the logical data modelling approach [21] and implemented in the Microsoft Access database management system (DBMS), is a collection of land requirement rules based on existing expert knowledge. The rules are stored in predefined format to comply with the inference engine which carries out the suitability analysis. The knowledge base was also designed to include operational information used by the CLUES website.
The website component of CLUES comprises three elements, namely the web map service (WMS), inference engine, and the graphical user interface (GUI). In combination, these components not only contain the full functionality of CLUES but also act as an interface between the two supporting databases (see Figure 1 ).
The inference engine is the key element in the CLUES website as it performs the essential function of calculating a land use suitability value for each land unit using the land requirement rules in the knowledge base. The inference engine was implemented using the algorithm set out in Figure 2 . Upon logging in, each active user is allocated a temporary suitability item (i.e. column) in the land unit database in which calculations can be carried out. By denying other users access to this item, each user's evaluations are protected from corruption. The suitability item is automatically initialized (i.e. set all values to zero) by the system before each suitability analysis. Initialization effectively erases the results of all previous evaluations for which the suitability item was used.
Figure 2 Inference engine algorithm
The land unit database is accessed through an open database connection (ODBC), which is a standard software programming interface to connect to DBMS. To establish an ODBC, the ActiveX data objects (ADO) object database connection was used. This connection facilitates the use of structured query language (SQL) to interrogate and manipulate any database, irrespective of the software in which it was created. By using this approach, the land unit database can easily be replaced by another database using a different DBMS without affecting the inference engine.
In step 1 of the inference engine algorithm, an ODBC is established with the knowledge base to determine which land use is to be evaluated. This information is stored in the PROJECT table of the knowledge base and is retrieved using the current project's identification number. Once the land use is known, it's identification number can be used to extract the related land use requirements from the LAND_REQUIREMENT table in step 2. Each land use requirement is sequentially considered to calculate its individual impact on the overall suitability values of all land units. To do so, the suitability level and the type of rule as well as the lower ( ), central ( ) and upper ( ) values for each rule relating to the current land use requirement, are retrieved from the knowledge base in step 3. This information is used to formulate the SQL statements that sequentially update the values stored in the suitability item of each land unit in step 4. The resulting suitability values are stored in a temporary field in the land unit database, which is also used by the WMS to produce a suitability map. A land unit's overall suitability (S) is determined by summarizing the product of each individual land use requirement weighting (importance value) and suitability value. Each land use requirement consists of multiple rules and each rule is related to a specific suitability level. To incorporate the suitability level into the suitability value calculation, a suitability level factor of 1 to 5 was introduced. These factors are multiplied by the membership values of each rule, the product being a suitability value for each land use requirement. Membership values are defined by Boolean or fuzzy rules. In CLUES, Boolean and fuzzy rules are specified using three parameters, namely a lower limit ( ), central value ( ), and upper limit ( ). Boolean rules are defined by specifying and values only and can be used in combination with fuzzy rules to develop more complex rules.
The result of the inference procedure is a value ranging between 1 and 5 that represents the average suitability of a land unit for a particular use. A land unit with a suitability value equal to 1 or less than 1 is interpreted as being permanently unsuitable, while a value greater than 4 is be considered highly suitable. Similarly, the other suitability levels can be derived using the suitability ranges. The overall suitability values in the suitability item are overwritten each time an evaluation is carried out. By not storing the evaluation results, the data storage and management problems associated with spatial analysis are overcome. Because all the parameters of the evaluation are stored in the knowledge base, users can easily regenerate a previous evaluation. If the evaluation and mapping process is fast enough, this ability creates the impression that evaluation results and maps are being stored.
To enable users to interact with the land unit database in a spatial manner, a web map service (WMS) was implemented. The function of a WMS is to convert data stored in a GIS database into a format compatible with a standard web browser. ArcIMS version 9.2 was chosen as the CLUES WMS software, mainly because it is the WMS of choice of the Provincial Government of the Western Cape (Van der Merwe 2008, pers com). By using ArcIMS, CLUES will therefore be more likely to be adopted and maintained by the provincial government.
Due to the level of customization needed to develop CLUES, the ActiveX connector of ArcIMS and ASP were used for developing the CLUES WMS. Since ActiveX controls are particularly user-unfriendly, a mechanism was needed to enable users to generate requests through a user-friendly interface.
The graphical user interface (GUI) was developed as a userfriendly interface to the WMS, the inference engine and the knowledge base (see Figure 1) . The function of the GUI is to lead users through the suitability analysis procedure. The process starts by specifying the land use that will be evaluated, followed by the defining of the land requirements and their related rules. Land properties, stored as attributes to each land unit in the land unit database, are then evaluated against the land requirements and used to calculate land unit suitability for the chosen land use. Finally, the result of the evaluation is presented to the user as a suitability map. The procedure can be repeated for multiple land uses and changes to the land requirements can be interactively evaluated and mapped in order to facilitate scenario building.
The GUI consists of 34 web pages written in HTML, JavaScript and Visual Basic code. HTML code was used to format the page structure and visual appearance, while the server-side scripts or active server pages (ASP) written in Visual Basic, generate dynamic HTML code based on the status of the suitability analysis and the user. The resulting HTML is placed on the web server for downloading. JavaScript is used as client-side scripting to improve interactivity.
CONCLUSION
Products like Google Earth have spotlighted the value of web mapping technology for spatial decision support and they have demonstrated the potential of such tools for the cost-effective distribution of maps and other spatial information to improve productivity and to aid decision making. But the functionality of most web mapping applications is limited to data display and does not support more advanced functionality, such as spatial analysis and modelling, needed for SDSS development. This research has shown that web mapping technology can be extended to include this functionality by combining standard web mapping technology and database management systems with client-side and server-side web programming. The techniques developed here can be used to implement and distribute powerful spatial analysis functionality to Internet users. To date, such functionality has been the domain of those with access to expensive GIS software and the necessary data. A web-based SDSS such as CLUES has the potential to dramatically increase access to spatial analysis functionality since anyone with access to a modest computer and the Internet can use the systems.
